The complement system is an integral component of the humoral immune system, and describes a cascade of interacting proteins responsible for the opsonization and lysis of foreign pathogens, in addition to the recruitment of immune cells. However, complement activation is also implicated in the progression and complication of immune dysfunctions such as sepsis. Microparticle (MP) biomaterials capable of tuning the local magnitude of serum complement activation could improve complement-mediated cytotoxicity to serum-resistant bacteria or calm an overactive immune response during sepsis. We demonstrate that model Fc-functionalized microparticles can be designed to either enhance or diminish the local cytotoxic effect of complement activation in human serum. The particles were formed with either the antibody Fc domains oriented outward from the particle surface or randomly adsorbed in a non-oriented fashion. In the oriented Fc form, complement products were directly sequestered to the particle surface, including C5a, a potent anaphylatoxin that, when elevated, is associated with poor sepsis prognosis. The oriented particle also lowered the cytotoxicity of serum and thus decreased the antibiotic effect when compared to serum alone. Conversely, the non-oriented microparticles were found to sequester similar levels of C5a, but much lower levels of iC3b and TCC on the microparticle surface, thereby increasing the amount of the soluble terminal complement complex. In addition, the non-oriented microparticles extend the distance over which TCC forms and enhance serum cytotoxicity to bacteria. Together, these two types of complement-modulating particles provide the first biomaterial that can functionally modify the range of complement activation at sites distant from the particle surface. Thus, biomaterials that exploit Fc presentation provide new possibilities to functionally modulate complement activation to achieve a desired clinical result. Available Fc on the particle surface was quantified in order to validate the control over Fc orientation. It was observed that, for equal amounts of IgG, the non-oriented MP showed lower amounts of available Fc when compared to its oriented MP counterpart; the highdensity non-oriented MP displayed amounts of Fc similar to low density oriented MP. In Holt et al.
Introduction
The humoral immune response consists of immunoglobulins and complement proteins that opsonize and inactivate invading pathogens, recruit phagocytic cells through chemotactic mediators, and initiate adaptive immune responses. [1] [2] [3] A central mechanism for recognizing threats in the body is opsonization-the coating of invading pathogens with antibodies, complement proteins, or other molecules to mark them as foreign. The crystallizable fragment (Fc) of each immunoglobulin class is a key effector of post-pathogen opsonization that initiates recognition by immune cells, namely neutrophils and macrophages, and activation of the complement cascade, which is directly cytotoxic to invading pathogens. [4] [5] [6] [7] In the classical complement or antibody-mediated pathway, activation begins after the binding of the protein C1q to closely apposed Fc regions of a single IgM or multiple IgG antibodies. The subsequent enzymatic cascade results in the formation of the terminal complement complex (TCC), also known as the membrane attack complex, consisting of proteins C5b-C9. [8] [9] [10] TCC directly lyses pathogens through membrane insertion and formation of a pore. 11 The complement cascade also generates a series of protein cleavage products that act as potent anaphylatoxins, including C3a and C5a. 12 The other complement activation pathways, the alternative and lectin-mediated pathways, differ in their activation methods but converge at the essential complement opsonin C3b.
Due to the importance of the signal amplification and control points present in the cascade, complement activation is highly susceptible to subtle variations in initiation conditions. 13 The use of particles decorated with Fc or other molecular regulators or prompters of complement as a biomaterial can be highly effective in modulating the cascade through the adjustment of particular design parameters, including the initiator molecule spacing and valency. 14, 15 Since Fc valency and orientation have been demonstrated to regulate complement activation in vitro [16] [17] [18] we hypothesize that Fc-conjugated biomaterials can also modulate the molecular and functional effects of complement, including cytotoxicity and further downstream immune responses. However, much of the work related to Fc-coated microparticles applied to immunomodulation concerns the activation of macrophages through phagocytosis and subsequent cytokine release. [19] [20] [21] In addition, an incomplete understanding of the biophysical effects of complement activation by Fc-coated biomaterials, including the physical distance over which activated complement products can impact targets, limits the rational design of these biomaterial approaches.
In contrast to biological functionalization, the effects of material chemistry on complement activation has been more widely studied, including the influence of biomaterial surface coating on innate immune responses such as inflammation [22] [23] [24] [25] and the modification of complement responses. 26 Modifications to particle surface chemistry can also incite and alter the alternative pathway of complement activation and deposition, affecting both adaptive and innate immunity. 27 In this study, we demonstrate that Fc microparticles can prompt functional changes to the magnitude and effective range of complement-mediated effects. Using one form of Fc particles displaying non-oriented IgG, we increase serum cytotoxicity towards bacteria by increasing the local magnitude and physical range of activated complement products that culminate in increased TCC deposition upon nearby bacteria. In demonstrating this effect, we performed one of the first quantitative studies of the range of complement-mediated cytotoxicity. In the other form of Fc particles, Fc regions of IgG molecules are oriented outward upon binding immobilized antigen. This mode of display results in post-activation complement products that are instead tightly adsorbed onto the microparticle surface. This sequestration decreases serum bacterial cytotoxicity, likely because it substantially decreases serum C5a anaphylatoxin levels. A biomaterial that can lower the serum levels of C5a is of substantial interest to lessen the clinical effects of sepsis 28 and other autoimmune complications. 29 Taken together, through biophysical variation of molecular initiators of complement displayed by the Fc microparticles, we can tune their functional effects to be either potent immune activators (non-oriented Fc particles) or immune suppressors (oriented Fc particles).
Materials and Methods

Microparticle Functionalization
To create microparticles with oriented Fc, carboxylated polystyrene microparticles 1 μm in diameter (Bangs Laboratories, Fisher, IN) were first washed (10 min, 2000×g) in PBS to remove any buffers or preservatives. Next the particles were incubated in a saturating solution of bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MO). Although unsuitable for in vivo use as they are non-degradable, these polystyrene microparticles were chosen as the base of our model system as they are highly uniform, have a systematic means of determining protein coverage as determined by the manufacturer, and we have previously utilized them as complement modulating platforms. 14, 15 Despite the negative charges of both the BSA and the carboxylated surface, with electrostatic repulsion predominating at physiological pH (binding occurs in PBS), passive adsorption and ionic interactions have been reported (Bangs Labs Tech Note 204). 30 In addition, it has been demonstrated that for extensively carboxylated (>2 COOH/nm 2 ) polystyrene microspheres, hydrogen bonding with BSA prevails over hydrophobic interactions. 31 This is likely occurring here, as we have determined from estimates provided by the manufacturer that the carboxyl density may be as high as 4/nm 2 on average. Rabbit polyclonal anti-BSA IgG antibody (Abcam, Cambridge, MA) was then added in various molar ratios of antibody to the immobilized BSA antigen (2:1, 1:5, and BSA-only), as described previously. 15 In the case of oriented MP roughly 86 μg of BSA was bound to the surface, and in both oriented and non-oriented 2:1 MP roughly 76 μg of IgG was bound to the surface, as we have determined previously. 15 Non-oriented Fc particles were formed by incubation of anti-BSA IgG antibody without a previous BSA saturation. The saturating amount of IgG was found from the MP manufacturer's documentation (Bangs Labs Tech Note 205) and confirmed by verifying a maximal fluorescence after dilutions of antibody. The omission of BSA randomizes the proportion of exposed Fc domains on the microparticle surface and reduces fluorescence when labeled with tagged secondary antibodies. Flow cytometry was performed after primary antibody incubation with a fluorescent secondary antibody (donkey polyclonal anti-rabbit IgG -DyLight® 650, Abcam, Cambridge, MA). Flow cytometry (BD Accuri C6, BD Biosciences, San Jose, CA) was used to confirm the presence of the primary antibody on the microparticle surface and from fluorescent particle counts the concentration of microparticles was determined.
Validation of Fc Orientation Control in Microparticle Formation
To demonstrate that the surface-bound IgG was in fact oriented or non-oriented with respect to the bead surface, atomic force microscopy (AFM) imaging of the particle surfaces were conducted. Glass microscope slides were cleaned and 5 μL of 1.8 mg/mL Cell-Tak (Corning Life Sciences, Tewksbury, MA) in 5% acetic acid was mixed into a 60 μL PBS droplet and allowed to incubate for 1 hr. After several washes in PBS, 30 μL of microparticles from either condition were added and incubated 45 min to ensure attachment. Following another wash cycle, images of the surface of both particle types were collected using an MFP-3D Bio AFM (Asylum Research, Goleta, CA) paired to a MSCT cantilever E (Bruker Instruments, Billerica, MA). A scan area of 1 μm 2 was collected at a scan rate of 0.2 Hz, with a resolution of 512 scan lines per image. To remove the microparticle curvature, the images were flattened and poorly resolved regions at the edge of the image were omitted from the image analysis. Igor Pro 6 (Wavemetrics, Lake Oswego, OR) was used for image analysis.
To further demonstrate the dissimilar availability of Fc regions due to differing orientation of the surface-bound IgG between the particle types, AFM binding studies were performed (See Fig S3) . Carboxylated polystyrene particles 4 μm in diameter (Bangs Labs) were carefully glued to MSCT C cantilevers via micromanipulation stage and allowed to dry overnight. The cantilevers to be functionalized with oriented Fc microparticles were cleaned for five minutes in ethanol, dried with nitrogen gas, immersed in 2 mg/mL BSA for 30 minutes, washed in PBS, immersed in 0.02 mg/mL anti-BSA IgG for 30 minutes, and finally washed in PBS. For cantilevers with non-oriented microparticles, the same process was followed except for the BSA functionalization step. At all times, the cantilevers were immersed in liquid to avoid drying of the surface-attached molecules.
Cleaned glass slides were immersed in 60 μL of 0.15 mg/mL Cell-Tak in 5% acetic acid for 1 hour, washed in PBS, and then immersed in 1 mg/mL BSA for 30 minutes. Excess BSA was removed by washing 20 times with 500 mL PBS.
The cantilever was placed into the AFM and brought into contact with the BSAfunctionalized surface at an approach velocity of 100 nm/s. Upon contact, the cantilever was allowed to deflect 1 nm vertically, which is sufficiently small to avoid damaging the immobilized molecules, before retracting at 100 nm/s. We assume that the number of molecular bonds that formed was a function of both contact time and contact area and thus the velocity and contact deflection parameters were held fixed across all experimental groups to minimize variation in adhesion within the groups and isolate the role of antibody orientation on adhesion. The blocking assay was performed by perfusing the 50 μL fluid cell with 30 μL of 1 mg/mL BSA to a final concentration of 0.38 mg/mL, and incubating for 30 minutes before collecting force curves. The thermal calibration method was used to calibrate the cantilever spring constant. 32 The adhesive work was calculated by integrating the force-distance retraction data using a trapezoidal approximation. All data analysis was performed in Igor Pro 6.
ELISAs for Complement Activation and Deposition
Activation products initiated by the oriented and non-oriented particles were analyzed by enzyme-linked immunosorbent assay (ELISA) on the microparticle surfaces as well as within soluble serum fractions ( Fig 2D) . Approximately 20 million microparticles in 86 μL of microparticle solution was added to 14 μL of normal human serum (Life Technologies, Carlsbad, CA) and incubated for an hour at 37 °C to initiate complement activation. To understand the abundance of complement mediators free in solution versus deposited upon microparticle surfaces, the incubated solution was centrifuged at 3000 G for 10 minutes and the supernatant was decanted. Both the remaining microparticle pellet and supernatant were diluted separately 1:200 in PBS and placed in the microassay wells (MP washed 1X in PBS). Heat aggregated gamma globulin (HAGG) was used as a positive control complement activator for both the microparticle-containing serum samples and the naive serum samples. MicroVue CH50 Eq ELISA kits were used (Quidel, San Diego, CA) to assess the levels of the terminal complement complex (TCC) on the microparticle surface and in serum. The kit quantifies the amount of total TCC, expressed in CH50 unit equivalents per milliliter. The CH50 unit corresponds to the volume of test serum required for 50% lysis in sheep erythrocytes exposed to rabbit IgM, and is a standard means to assess complement fixation. Given that TCC experiences rapid hydrolytic degradation in serum 33 , the determination of complement intermediate products in solution and on the particle surface was supplemented with a Microvue iC3b ELISA (Quidel, San Diego, CA), performed using the same procedures detailed above. A C5a ELISA (Quidel, San Diego, CA) was performed to determine the amount of C5a, a potent anaphylatoxin and phagocyte chemoattractant. 12 To simulate the serum of a septic patient, 100 μL solution of normal human serum was spiked with 250,000 DH5α E. coli. As before, the microparticles, bacteria, and serum were combined and incubated at 37 °C for 1 hour, after which the solution was spun down for 10 minutes at 3000 G. The supernatant was aspirated to separate the microparticle-containing fraction from the serum fraction.
Effect of Fc Microparticles on E. coli Viability
Approximately 500,000 DH5α Escherichia coli bacteria in 10 μL of Luria-Bertani (LB) broth were added to human serum with and without the oriented and non-oriented Fc microparticles to determine their effects on bacterial survival. These E. coli solution aliquots were mixed with 30 μL of microparticles in PBS at various concentrations to test several microparticle-to-bacteria ratios. To this, lysogeny broth (LB, ThermoFisher Scientific, Waltham, MA) and a volume of normal human serum (Pierce, ThermoFisher Scientific, Waltham, MA) were added such that the serum constituted either 1, 10, or 55% of the mixture by volume, with each tube at a total volume of 125 μL. Conditions using 1% serum were necessary to ensure sensitivity after plating, as more concentrated serum rendered the non-oriented MP too cytotoxic to allow for manual colony counting. Control experiments included non-functionalized microparticles and bacteria in serum, bacteria in broth only, and bacteria with isopropyl alcohol (Sigma Aldrich, St. Louis, MO). Other controls evaluated were non-oriented microparticles only, oriented microparticles only, serum only, and broth only to verify that results observed were not due to contamination. Tubes were first incubated for 4 hours at 37 °C, then diluted 10 fold 9 times to provide a range of bacteria sufficient for manual colony counting. Dilute or original bacterial sample (10 μL) was added to 100 μL of broth, transferred onto agar/LB broth plates in four separate 10 μL droplets, streaked, and incubated at 37 °C for 16 hours. Any colonies formed were then photographed and colony-forming units were counted visually (See S1 Fig) . Bacterial lawns were assigned a value of 160 colonies, which estimates a minimum number of colonies that would fit in the plate area. Cytotoxicity for each experimental condition was calculated by determining the fraction of apparent sample bacterial colonies when compared to the bacteria only control.
Confocal Microscopy of TCC Deposition and Live/Dead Staining
To correlate dead bacteria to TCC ( Fig 6C) , both oriented and non-oriented Fc microparticles were added to 500,000 bacteria in a 100:1 microparticle-to-bacterium ratio in a 1% serum solution diluted in LB broth. The solutions were centrifuged at 3000 G for 10 minutes, after which the supernatant was removed. The primary rabbit anti-TCC antibody (anti-C5b-9, Abcam, Cambridge, MA) was added at 1:100 to the pellet to a total volume of 100 μL and incubated at 4°C for 45 minutes. The sample was centrifuged again and a secondary goat anti-rabbit Alexa Fluor® 532 antibody (ThermoFisher Scientific, Waltham, MA) was added at 1:250 (v/v) to the pellet to a total volume of 100 μL and incubated at 4°C for 45 minutes. The solution was again centrifuged, and reconstituted to 100 μL in 10% serum. A live/dead bacterial stain was also added using the LIVE/DEAD BacLight Bacterial Viability Kit (ThermoFisher Scientific, Waltham, MA) at 3 μL per sample. The solutions were then immediately deposited on glass slides in 5 μL droplets and incubated for 30 minutes to give time to bind non-specifically. The identification of live and dead bacteria was determined by confocal microscopy (Zeiss Elyra PS.1 / LSM 780, Zeiss, Oberkochen, Germany).
To attain the relationship between distance from MP and number of dead bacteria ( Fig 6A  and 6B ), MP and bacteria in the same numbers as mentioned in the previous paragraph were allowed to evaporate on a glass slide. Then, the same live/dead stain was added along with a 10% serum solution; samples were then immediately imaged. MP were discernible via their circular shape and darker color (from adsorbing excess live stain).
addition, AFM imaging of IgG-coated MPs displays nanoscale features of the surface consistent with antibody coating. 34, 35 The oriented particle surface featured smaller variation in topography height, consistent with a more uniform presentation of the molecule surface. In contrast, the non-oriented Fc particles showed much greater variation in surface topography, consistent with more randomness to the conjugation.
To characterize the availability of the antigen binding regions of the immobilized IgG, and thus the comparative orientation of the Fc region of the molecule, AFM adhesion measurements were conducted between the two particle types and an immobilized BSA antigen surface (see Fig 1C-D) . The non-oriented antibody-functionalized microparticles resulted in an order of magnitude higher adhesive work (87,050±43,900 pN-nm) than the oriented antibody-coated microparticles (7600±8300 pN-nm), with a statistical significance of p < 0.0001 (see Fig 1F) . This work did not diminish over repeated adhesion events (see Fig S4) , indicating that the molecules were stable and did not detach or denature during the experiment. Furthermore, the adhesion forces were largest for the non-oriented MPs as we expect due to greater availability of Fab and there decreased availability of the Fc region. The addition of soluble BSA into the fluid cell reduced the adhesion of the oriented MP interactions, indicating the blocking of specific bond formation (see Fig S5) .
Oriented and Non-oriented Fc Microparticles Sequester Different Amounts of Complement Proteins iC3b, C5a, and TCC
To delineate between complement activation by Fc microparticles with different antibody presentations, ELISAs were conducted to test for the presence of three essential complement proteins or protein complexes: iC3b (the bound, inactivated form of the C3b opsonin), C5a, and TCC (Fig 2E to 2G) . Oriented Fc microparticles had relatively high levels of iC3b and TCC sequestered on the microparticle surfaces, as illustrated in Fig 2C. The non-oriented Fc microparticles showed lower levels of these proteins adsorbed to the surface, as shown in Fig  2B. Both the non-oriented and the oriented Fc particles bound comparable amounts of C5a. The supernatant serum collected showed low levels of all complement products for oriented Fc microparticles compared to the positive HAGG control. Non-oriented Fc microparticles in contrast showed higher levels of iC3b and TCC products in solution compared to the HAGG control.
Complement Toxicity to E. coli in Serum Can Be Tuned By Fc Microparticle Design
We hypothesized that the different Fc functionalization schemes, which resulted in different molecular activation of complement, could also result in functional differences in complement activation. To test this hypothesis we examined the impact of Fc particles on serum-mediated bacterial cytotoxicity. E. coli were incubated in diluted serum with the addition of oriented Fc microparticles or non-oriented Fc microparticles. Oriented Fc microparticles were found to substantially inhibit the serum cytotoxicity to the bacteria ( Fig  3A) . Conversely, the addition of non-oriented Fc microparticles increased the cytotoxicity of serum. The modulation of serum cytotoxicity is consistent with the changes in measured serum levels of C3b (complement cascade common pathway initiation) and the sequestration of TCC (cytolytic activity) upon the particle surfaces with the addition of the oriented Fc and non-oriented Fc microparticles. Serum levels of TCC are difficult to quantify as the complex is readily hydrolyzed when unbound 33 , yet we hypothesize that non-oriented Fc microparticles activate the cascade in such a way that TCC formation upon the E. coli membrane is favored, resulting in cell death, as illustrated in Fig 2B. This cytotoxic effect was exhibited at a range of serum levels from physiological (55%) to diluted serum concentrations as low as 0.014% by volume (See Supplemental Fig 3) . As previously stated, 1% serum was used for experiments as it was sufficiently dilute to ensure countable colony formation when exposed to the non-oriented Fc microparticles. The addition of the nonoriented Fc microparticles resulted in a significantly lower number of colony forming units than serum alone, thus supporting their use as a cytotoxic biomaterial. In general, a negative correlation was found between the amount of TCC on the microparticle surface and the cytotoxicity of that treatment ( Fig 3B) .
The oriented Fc microparticles were coated with immobilized BSA such that the Fc region of each bound antibody projects outward. We observed moderate complement binding to the BSA on particles (Fig 3B) , consistent with previous reports from our laboratory 15 as well as others. 36, 37 To characterize the influence of the BSA coating in the cytotoxicity of the oriented microparticles, we tested particles with BSA-only and those of low Fc density (1:5 molar ratio of Fc to immobilized BSA) when cultured with E. coli. BSA only control microparticles show low levels of complement activation and sequestration, but not enough to account for the difference observed between non-oriented and oriented Fc designs ( Fig  3B) . Oriented Fc microparticles with low Fc density resulted in substantially increased cytotoxicity compared to the 2:1 oriented and on par with the 2:1 non-oriented Fc microparticles. The 1:5 oriented microparticles were slightly less cytotoxic than 2:1 nonoriented microparticles and had similarly low levels of TCC on the particle surface, suggesting that low Fc density contributes to the activation of complement with low levels of TCC sequestration. Together these data suggest that random Fc orientation and low Fc density both increase the functional activation of complement without significant binding to the particle surface. We quantified available Fc on the particle surface using a secondary antibody label, specific to the rabbit heavy chain, of which the Fc fragment is composed. 38 Particles with a higher Fc fluorescence intensity correlated with greater levels of TCC binding ( Fig 3C) , suggesting that the increase in available Fc is responsible for greater affinity to complement proteins. The proportion of particles with high Fc fluorescence intensity is greater for oriented MP with more extensive Fc coverage than both non-oriented and low Fc density oriented ( Fig 1A) , suggesting that the extent of bound secondary label corresponds to the density of available Fc.
The polystyrene microparticles are meant to demonstrate a proof-of-concept of how Fcfunctionalized biomaterials can be designed to modulate complement activation. Given that polystyrene is not degradable under physiological conditions, future work will utilize Fcdecorated decomposable polymers, such as chitosan and PLGA, that display a high density of functional groups for derivatization and/or C3b binding, namely hydroxyl 39, 40 amine 39, 41 , and carboxyl groups 42 . These particles will also be of smaller size, as we have previously demonstrated that smaller particles (0.5 μm) functionalized in a similar manner activate complement more extensively than 1 μm particles. 15 Ultimately we envision these particles for integration into a dialysis-type machine, in which complement mediators are sequestered. It is well-known that hemodialysis and hemodialysis filters in current use activate complement, leading to chronic inflammation that may result in worsened morbidity and mortality. 43, 44 We are also currently investigating complement activation prompted by engineered virus-like particles, which are of a more therapeutically-viable scale (∼ 30 nm in diameter). At this size, the EPR effect can be exploited 45 and the particles can be carried by lymphatic conduits. 46 
Complement Toxicity to E. coli in Serum Can Be Tuned By Fc Microparticle Number
The effects of Fc microparticle numbers were evaluated over a range of particle-tobacterium ratios ( Fig 4A) . Various numbers of Fc microparticles were cultured with E. coli with constant diluted serum volume and bacteria number. At the 1:1 microparticle to bacterium ratio for both oriented and non-oriented particles, the Fc microparticles did not affect bacterial cytotoxicity compared to serum alone. Higher numbers of Fc microparticles altered the cytotoxic impact of the serum. The non-oriented particles showed maximal increase of serum cytotoxicity at the 100:1 condition, though this was reduced as we increased the microparticles per bacterium ratio. In contrast, the oriented Fc particles increased complement sequestration with increasing particle number, monotonically reducing serum cytotoxicity.
To demonstrate the functional effects of oriented Fc microparticles at physiological serum concentrations, oriented Fc microparticles and bacteria were incubated with 55% serum. Serum alone at this concentration is completely cytotoxic to bacteria ( Fig 4B) . However, for conditions to which microparticles were added (400:1 and 1000:1 microparticle-to-bacteria ratio) cytotoxicity was decreased and a significant number of colonies were counted when plated. The results show that the oriented Fc microparticles protect bacteria from complement cytolysis even in very hostile conditions.
C5a Binds Non-specifically to Both Oriented and Non-oriented Fc Microparticles
To determine the effect of particle Fc configuration in reducing the C5a level available, C5a ELISAs were conducted on serum simulating infection. Previous work established an average baseline C5a concentration in the serum of a healthy individual as approximately 7 ng/mL 47 , which was confirmed by our results (Fig 5B) . The addition of 250,000 bacteria to 100 μL serum solution causes a noticeable increase in C5a concentration. Notably, the addition of either non-oriented or oriented Fc microparticles reduces the serum C5a concentrations to levels below the normal serum concentration ( Fig 5B) . We also examined the impact of particle number on serum C5a level, and found that as microparticle number increased, the fraction of C5a removed from serum also increased ( Fig 5C) .
We compared the cytotoxicity and serum C5a levels of several Fc microparticle types ( Fig  5D) . The results suggest that particle Fc configuration can be used as a means both to maximize bacterial cytotoxicity and to achieve non-specific C5a sequestration. We note that Fc microparticles with non-oriented Fc arrangement both increase bacterial cytotoxicity while lowering C5a in serum. As such, they warrant further investigation as a possible approach to combat bacterial-induced immune dysfunction as seen in sepsis, a systemic inflammatory response to excessive pathogen colonization that can result in multiple organ failure. 48, 49 Utilizing the non-oriented Fc microparticles, immune signaling can be quieted while the underlying infection is targeted. A dashed line is included to indicate C5a levels above which a poorer prognosis is expected. 47 The particles that achieve high bacterial cytotoxicity with high C5a sequestration represent a theoretical ideal for the treatment of immune overreactions such as sepsis ( Fig 5A) .
The modulation of functional complement responses via Fc microparticles is promising and calls for further examination into applications of complement modulation for novel antibiotics and as a countermeasure to sepsis and autoimmune disease. The appearance of high levels of serum anaphylatoxins, including C3a, C4a, and C5a 50 , indicate a loss of control of complement activation and a dysregulation of homeostatic processes. 47, 51 As such, a biomaterial approach using Fc microparticles to remove the aberrant factors may provide a pathway to regain regulation and mitigate the exaggerated pro-inflammatory pathways of worsening sepsis. 28 Other work has demonstrated that limiting C5a levels may improve outcomes in sepsis, as septic mice treated with C5a antibodies showed significant increases in survival. 52, 53 Given that the non-oriented particles can both sequester C5a and increase cytotoxicity, these particles may be relevant to effectively counter the underlying infection due to its combinatorial approach. 49 
Confocal Microscopy Confirms that TCC is Associated with Bacterial Cytotoxicity
We performed multicolor confocal imaging studies of bacteria and Fc microparticles of both non-oriented and oriented forms. Live bacteria were stained green, dead bacteria stained red, and TCC inserted in the bacterial membrane and on the microparticles themselves stained yellow ( Fig 6A) . Bacterial cytotoxicity was found to increase with proximity to Fc microparticles ( Fig 6B) , indicating that complement-mediated cytotoxicity exhibited a defined cytotoxic radius from the physical location of activation. Moreover, this cytotoxic radius of the particles was dependent upon the Fc orientation. TCC staining was found to preferentially localize with the dead bacteria stain, consistent with TCC-mediated bacterial cytotoxicity ( Fig 6C) . Analysis of the images indicates that the distance from the nearest Fc particle corresponding to 50% cytotoxicity was 3 μm for oriented Fc microparticles and increased to 6 μm for non-oriented Fc microparticles. Thus, we demonstrate that cell death is TCC-mediated and that the non-oriented Fc particles extend the effective range of functional complement activation.
The results of complement activation from the two Fc microparticle designs suggest that complement activation can be tuned in magnitude and physical distance to systematically enhance cytotoxicity and diminish anaphylatoxins in serum. Figs 1C and 1D summarize two possible models of the complement responses that arise from the two forms of Fc microparticles. The observed extended radius of complement products resulting from nonoriented Fc functionalization may stem from a variety of factors. Randomized Fc orientation, for example, may allow for faster and more probable release of complement products resulting from the decreased accessibility of Fc. This explanation is consistent with the high cytotoxicity also observed for low-density oriented Fc microparticles ( Fig 3B) . The different effects exhibited by the different orientations of Fc linked to microparticles suggest that multiple biophysical parameters can tune the functional responses of complement. This potential to tune the complement response is supported by observations that C1q can bind single IgG molecules, but multivalent C1q-Fc binding increases the binding constant three orders of magnitude 16, 54 and allows for subsequent interaction with the C1r-C1s proenzyme complex. 54, 55 It is possible that the Fab portions of immobilized antibody may contribute to activate C3 via the alternative pathway, affecting the response observed for the non-oriented microparticles. 56 There have been few direct studies of the physical factors concerning spatiotemporal activation of complement. When activated, C3b exposes a thioester bond 57 that can covalently attach to acceptor hydroxyl or amine groups on proteins, glycoproteins, carbohydrates, and phospholipid bacterial surfaces to initiate TCC formation and immune cytolysis. 58 Using particles as the site of complement activation to affect bacteria distant from the particle would seem to be a limited approach due to the short half-life of the thioester bond of activated C3b. In studies of the binding of C3 to trypsin-conjugated agarose, Sim et al. found a lower bound for the thioester half-life of 60 μs before hydrolysis and inactivation of 'nascent' C3b 59 , though no maximum half-life was established. Assuming a diffusion constant of 4.5 × 10 -7 cm 2 /s 60 three dimensional diffusional motion for 60 μs produces an effective radius of ∼0.19 μm. Targets beyond this distance would seem to require a longer lifetime of the thioester bond, or a transport mechanism in addition to diffusion, e.g. natural convectional flows due to static thermal gradients. In another study using electron microscopy, the site of C3 binding was shown to be topographically distinct from the site of C3 activation. 61 Together these studies support a complement activation model in which a transport mechanism can create a reaction zone distinct from the activation site.
As the magnitude and effective cytotoxic radius of complement is expanded, non-target host cells may experience increased susceptibility. Red blood cells are well-known to be lysed by increased complement activation. 62, 63 Under normal conditions, complement is stringently regulated to avoid complement activation against host tissues. We direct the reader to a comprehensive review on the subject. 64, 65 Host cells both display surface glycoproteins and/or are bound by soluble mediators that prevent inappropriate terminal complement activation. The host cell surface glycoprotein CD59 impedes the formation of TCC (consisting of proteins C5b, C6, C7, C8, and C9) by blocking the polymerization of C9 to the other constituents. 66 Surface-bound complement receptor 1 expressed predominantly by erythrocytes, leukocytes, and monocytes and the more universal CD55 (decay-accelerating factor) compete with the soluble mediator factor B of the alternative pathway for surfacebound C3b, inhibiting the formation of the alternative pathway C3 convertase. 67 CD55 also binds surface-bound C4b; this prevents the cleavage of C2 by C4b, blocking the formation of the classical C3 convertase. 68 CD46, another widely-expressed surface-bound glycoprotein, also binds C3b, and serves as a cofactor of factor I, which inactivates bound C3b to iC3b. 67, 69 In this way, formation of both the alternative C3 convertase and the subsequent C5 convertase are hindered. Finally, circulating factor H selectively binds to vertebrate cells via recognition of their sialic acid residues, where it both acts as a cofactor for factor I and competes with factor B to obstruct alternative C3 convertase formation. 67 Although complement dysregulation is a hallmark of a number of pathologies, these are usually accompanied by deficient or defective complement regulators. 70 Excess complement activation may result in off-target tissue injury via both direct lysis and the release of proteolytic enzymes from mesenchymal cells stimulated by TNF-α produced by upstream C3a/C5a activity. 71 Future work in animal models will be undertaken to determine the most effective, tolerable dosing such that a complement-based therapy may be realized. In addition, targeting the complement activation to specific bacteria types may improve future selectivity in the antibiotic effect. 72 
Conclusions
Herein we have demonstrated that microparticles differentially functionalized with Fc prompt opposite complement-mediated outcomes. Those with oriented Fc molecules bind several key complement proteins: iC3b, C5a, and TCC. This binding results in an increased cytoprotective effect on E. coli, even in the presence of normally cytotoxic, physiological serum levels. By contrast, microparticles presenting non-oriented antibody molecules prompt increased generation of iC3b and TCC while still binding comparable levels of C5a, resulting in an increased cytolytic effect on E. coli compared to serum alone. Although the oriented microparticles are more apt to sequester C5a, both modalities display this capability. It is important to note that these data support a congruency between the Fc orientation/binding studies (AFM and Flow Cytometry) and the functional (ELISA and Cytotoxicity) assays. Overall, these data suggest that the classical complement pathway can be selectively modulated by Fc presentation and orientation. General classical complement cascade (A) The classical complement protein activation pathway. Models of complement activation and deposition for non-oriented (B) and oriented (C) microparticles C1q molecules bind to the Fc region of IgG antibodies to begin the classical complement pathway. Oriented microparticles have high levels of adsorbed iC3b and TCC while non-oriented microparticles activate and release high levels of iC3b into the serum. Low levels of TCC are seen on the non-oriented microparticle surface. Schematic of ELISA microparticle/serum separation procedure (D) The combined solution was centrifuged at 3000 G for 10 minutes, and the supernatant was separated and tested independently of the microparticles, which were reconstituted in specimen diluent (reagent included with kit). Quantification of complement protein activation and deposition for oriented and non-oriented microparticles (E-G) ELISAs were performed to quantify the levels of iC3b, C5a, and TCC in units of CH50 in whole solution, in the supernatant, and on the surface of microparticles. For each, 1 μm oriented and non-oriented microparticles with Fc densities of 2:1 were tested. Statistics were calculated from four replicates. * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001; the stars correlate to statistical difference between corresponding oriented and non-oriented measurements (i.e. oriented serum vs. non-oriented serum). The relationship between cytoprotection and microparticle-to-cell ratio for oriented microparticles (A) The 1 μm 2:1 oriented microparticles were added to approximately 500,000 E. coli in 1% serum (of total volume) at various microparticle-to-cell ratios. The 125 μL total volume included: 500,000 E. coli (10 μL in broth), microparticle solution at the specified ratio (30 μL in PBS), serum (1% of total volume), and broth. Each subsequent dilution is 10× less concentrated than the last. Two way ANOVA was performed and showed significant difference between non-oriented and oriented effects on serum cytotoxicity (overall p-value(prob>F)=0.0017, and p-value(prob>t) = 0.0377 for effect of oriented vs. non-oriented). The effect of oriented microparticles on E. coli viability at physiological levels of normal human serum (B) Serum was added to 55% of the total volume. The 1 μm 2:1 oriented microparticles significantly increased cell viability in the presence of serum at both 400:1 and 1000:1 microparticle-to-cell ratios. * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001.
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Author Manuscript Graphic depicting concept for ideal sepsis treatment (A) This flow diagram illustrates the concept that an ideal treatment would halt spread of the pathogen while also mitigating serum C5a levels. Comparison of microparticle configurations in reducing C5a serum levels (B) The addition of 250,000 DH5a E. coli bacteria to a 100 μL solution of 14% serum showed an increase in C5a from 7 to 8.6 ng/mL. The subsequent addition of either oriented microparticles or non-oriented microparticles showed a significant reduction in serum C5a levels. Analyzing the effect of microparticle number on percent C5a reduction (C) Different microparticle-to-bacterium ratios were tested at increasing orders of magnitude. A positive correlation between microparticle number and C5a reduction in serum was observed. Note that the non-oriented Fc microparticles reduced C5a concentrations equivalently to the oriented microparticles at the particle-to-cell ratios tested (overall p-value (prob>F)=0.0343, and p-value (prob>t) = 0.0117 for effect of oriented vs. non-oriented). Examining the relationship between C5a serum levels and cytotoxicity in a microparticle design that may promote survival in patients with sepsis (D) The survival level of C5a binding is referenced from Nakae, 1994 47 , which corresponds to serum C5a levels well-correlated to survival among sepsis patients. 
Author Manuscript Confocal imaging of microparticle/microparticle interaction (A). The image shows a red dead stain, green live stain, and dark green MP stain. DH5α E. Coli and 1 μm non-oriented microparticles (2:1 Fc density) were imaged. The arc indicates a theoretical "kill radius" inside which complement-mediated lysis is greatest. Relating bacterial death and distance to closest microparticle (B) This plot shows the percentage of bacteria that are dead at various distances from individual microparticles, comparing the non-oriented MP (triangles) and oriented MP (squares). Two way ANOVA was performed and showed a significant difference between non-oriented and oriented effect on serum cytotoxicity (overall p-value (prob>F)=0.0012, and p-value(prob>t) = 0.0463 for effect of oriented vs. non-oriented). Accuracy of TCC stain (C) The bar chart shows the percentage of dead cells linked to the TCC stain, and the percentage of live cells paired to a TCC stain.
